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Abstract 
Light induced degradation at elevated temperatures in mc-Si PERC solar cells can be responsible for major efficiency losses. In 
this work, a spatially resolved analysis of the degradation behavior of a standard mc-Si PERC solar cell is performed based on 
carrier lifetime-calibrated photoluminescence (PL) images. An effective defect concentration is calculated from lifetime data at a 
fixed injection which allows for defect analysis taking into account any other defects. The time-dependent defect evolution is 
fitted to obtain the spatially resolved maximum effective defect concentration and the degradation time constant. No differences 
in the behavior between grains and dislocation clusters could be observed. Lower effective defect concentrations have been found 
around grain boundaries which could be an effect of denuded zones. In the case of our sample, slight local process and material 
parameter variations, namely the local firing temperature, have a much stronger impact than the crystal structure. 
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1. Introduction 
The degradation of multicrystalline PERC solar cells under illumination and at elevated temperatures is an effect 
which causes major efficiency losses. So far, the cause of the degradation has not been found. Cell degradation and 
regeneration have mostly been examined on a global level [1-3]. As the affected multicrystalline material and also 
the PERC cell concept itself show local features, a spatially resolved analysis can help to get a better understanding 
of the defect causes. First approaches of spatially resolved analysis with PL imaging have been made on cell level 
[4] and lifetime samples [5]. However, these analyses were carried out at a constant generation which does not allow 
for a quantitative analysis of the defect kinetics. In this paper, a detailed analysis of the effective defect 
Available online at www.sciencedirect.com
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SiliconPV 2016 under responsibility of PSE AG.
868   Marisa Selinger et al. /  Energy Procedia  92 ( 2016 )  867 – 872 
concentration evaluated at a constant injection level is performed for the first time. Influences of the crystal structure 
and local inhomogeneities of the process and material parameters on the degradation dynamics are discussed. 
2. Experimental 
The analyzed solar cell was fabricated at Fraunhofer ISE PVTEC using a passivated emitter rear locally 
contacted cell  (PERC) concept [6] on commercial high performance multicrystalline p-type silicon with a base 
resistivity of 1.7 cm. The homogeneous emitter on the front side was capped with a PECVD silicon nitride (SiNx) 
anti-reflective coating (ARC). The rear side was passivated with PECVD aluminum oxide (Al2O3) [7] and SiNx 
and metallization was screen-printed. The cells were fired in a commercial belt oven at a set firing temperature of 
860°C. The rear was contacted by laser-fired contacts (LFC) [8]. 
For degradation and regeneration, the samples were illuminated with halogen lamps at an intensity of 0.8 suns. 
The samples were held at a temperature of approx. 80°C.  
During the degradation and regeneration process, the samples were repetitively characterized at different points 
in time using current-voltage measurements (IV) and PL imaging. The PL images were calibrated to effective 
lifetimes ɒୣ୤୤ by harmonically modulated PL [9]. For the evaluation, precautions were taken in order to quantify the 
influence of other meta-stable defects like boron-oxygen-pair activation and exclude the separation of iron-boron 
complexes. The decrease of the effective lifetime due to boron-oxygen pair activation could be quantified to be 
smaller than 3%. 
3. Results 
On a global level, the cell shows degradation in open circuit voltage VOC of 5% from initially 639.7 mV and 8% 
in short-circuit current JSC from initially 36.81 mA/cm² in its degradation minimum. The effective lifetime 
(harmonic mean over the whole sample) decreased by over 60%.  
In the following, we present a quantitative and spatially resolved analysis which allows for a deeper insight into 
the origin and the physics of the degradation. 
3.1. Effective defect concentration from lifetime at fixed injection level  
To analyze the defect, an effective defect concentration ۼܜכ was calculated from the lifetime data: 
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This approach is very common for the analysis of defects for which not all Shockley-Read-Hall parameters are 
available (e.g. boron-oxygen defect [10]). It has the advantage that all background recombination channels which 
are not influenced by the degradation cancel out if the injection level ȟ is correctly taken into account: 
 
Evaluating lifetimes at a constant ȟ݊ is very important when dealing with injection dependent defects (which 
holds true for the defect causing the observed degradation in mc-Si [2, 3, 5]) for several reasons: PL measurements 
conducted at a constant generation ܩ lead to different injection levels both within the sample and between two 
measurements of the cell in different degradation states due to the simple equation ߬ ൌ ୼௡
ீ
. Most crucially, other 
defects in the cell like Fei have a strong injection dependence. When comparing data at different injection levels, the 
injection dependence of these effects must either be taken into account or changes due to the injection dependence 
of these background defects would falsely be attributed to the examined defect. If the evaluation is carried out at a 
constant ȟ݊ , this source of misinterpretation is suppressed as contributions of injection dependent background 
defects cancel out when calculating ௧ܰכ. 
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Therefore, PL images were measured at different generation levels and lifetime data was linearly interpolated to 
get the lifetime at a constant ȟ݊ ൌ ͺ ڄ ͳͲଵଷcm-3 for all degradation times and all pixels. This procedure allows 
comparing both the images in the different degradation states and the different regions on the cell. 
 
Fig. 1: a) Lifetime from PL measurements at different injection levels harmonically averaged over a grain and dislocation cluster in the initial and 
the maximally degraded state. b) Effective defect concentration calculated from images at a constant generation ࡳ (left) and a constant injection 
level ઢ࢔ (right). Comparing the averaged effective defect concentration over a dislocation cluster (triangle) and a grain (circle), it becomes clear 
that evaluation at constant generation highly overestimates the local differences. 
Fig. 1 exemplarily shows the deviation between an evaluation at constant generation and constant injection level. 
An evaluation at constant generation suggests a difference in the maximum effective defect concentration between 
grain and dislocation cluster of over 30% which shrinks to 6% for an evaluation at a constant injection level. The 
example illustrates the importance of adjusting the data for a constant injection level. 
3.2. Maximum effective defect concentration and time constant 
The effective defect concentration obtained from the injection corrected lifetime data was then used as the input 
to an exponential fit to the data for each pixel ij. The data was cut off at the maximum effective defect concentration 
to only fit the degradation behavior with the exponential function: 
ۼܜǡܑܒכ ሺܜሻ ൌ ۼܜǡܑܒ
כǡܕ܉ܠ ቆ૚ െ ܍ܠܘቆെ
ܜ
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It has to be kept in mind that this approach is limited because it does not take into account the parallel process of 
regeneration. A more conclusive approach could look similar to the model presented to describe the kinetics of the 
boron-oxygen related defect [11] which shows a similar degradation and regeneration behavior. Nevertheless, the 
simpler approach used here allows for a first analysis of the degradation kinetic. 
Fig. 2 shows the data used for the fit for an exemplary pixel. An increased mismatch between fit and data 
towards the maximally degraded state is expected because of the parallel process of regeneration which becomes 
increasingly dominant. 
The amplitude of the exponential function, ௧ܰ
כǡ௠௔௫, is interpreted as the maximum effective defect concentration 
which describes the magnitude of the degradation until regeneration sets in, and the time constant ݐ௞௜௡  holds 
information about the degradation kinetics. Those two quantities can now be depicted as images which allows for a 
spatially resolved analysis of the degradation behavior. 
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Fig. 2: Effective defect concentration ࡺ࢚כ for an exemplary pixel. a) To fit the degradation, data was cut off after the maximum. b) Data and fit 
match well, especially for the first few hours. Deviations increase for the data points with the higher effective defect concentration which can be 
explained by the parallel process of regeneration which the exponential function does not account for and which becomes increasingly dominant 
towards the maximum. 
The features of the images in Fig. 3 can be divided into two groups: Features correlated with the crystal structure 
and inhomogeneous patterns which overlay the crystal structure. 
The differences in ୲
כǡ୫ୟ୶ and tkin between grains, dislocation clusters, and grain boundaries are about 10% which 
is in the order of magnitude of the uncertainties. However, as the maximum effective defect concentration in the 
dislocation clusters and grain boundaries shows systematic and not statistical deviations from the grains on the 
whole cell, this behavior cannot be purely explained by the statistical measuring uncertainties. Therefore, measuring 
uncertainties and imaging artefacts will be discussed in more detail: PL signals have higher statistical uncertainties 
when they are small. This tends to be the case for regions with low lifetime and increasingly for the whole cell the 
more it degrades. Also, systematic influences play a role: Because of the bigger difference of the lifetime of grains 
and dislocation clusters, imaging artefacts, especially optical blurring by photon scattering in the camera chip but 
also charge carrier diffusion, are stronger in the initial state than in the degraded state. These artefacts lead to a 
stronger overestimation of lifetime of the dislocation clusters in the initial state compared with the degraded state 
which then leads to an overestimation of the defect concentration. This effect explains the higher ୲
כǡ୫ୟ୶ in the 
dislocation clusters, hence it can be stated that no significant difference between grains and dislocation clusters can 
be observed.  
The effect that the grain boundaries have a lower maximum effective defect concentration cannot be explained 
by known imaging artefacts, all artefacts resulting in virtually higher defect concentrations. One possible 
explanation would be that the defect forms denuded zones from internal gettering at the grain boundaries, an effect 
known from many metals like e.g. Fe. Since internal gettering during processing requires sufficiently high mobility 
at elevated temperatures, this would indicate that elements with a very low diffusivity in Si, such as Ti, V, Au, etc. 
are very likely not part of the defect responsible for mc-Si degradation. 
Much higher local differences can be found in the overlaid patterns which are highlighted in Fig. 3b). The 
highest maximum effective defect concentration can be seen in the half circles which dominate the right edge but are 
also visible at the left edge even though they are less pronounced. The pattern of these circles is identical with the 
one from the pins of the belt on which the cells are placed in the firing oven. They touch the cell between the half 
circles as indicated by the black rectangles. It can be assumed that the firing profile underneath these pins differs 
from the one in the surrounding areas and it is likely that the peak temperature underneath the pins is lower. It can 
therefore be stated that the maximum effective defect concentration is very sensitive to the local firing profile. 
The time constant shows a very different overlaid pattern which we so far cannot explain. An interesting feature 
is the circular structure over the whole cell as indicated by the white markers in Fig. 3b. This ring structure is not 
typical for any of the process steps the cell saw during fabrication. Its origin might come from inhomogeneities 
during the crystallization process. This is subject of current investigations.  
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Fig. 3: Maximal defect concentration ࡺ࢚
כǡ࢓ࢇ࢞ and time constant tkin. a) Closeup to a section of the cell. The features of the crystal structure (e.g. 
circle around a dislocation cluster) show very small differences in ࡺ࢚
כǡ࢓ࢇ࢞and tkin of about 10%. b)  The overlaid pattern shows much bigger 
differences up to 50%. Interesting features are the half-circles (marked by the red lines) in the ࡺ࢚
כǡ࢓ࢇ࢞image and the circular structure (white 
dashed lines) over the whole cell in tkin. 
4. Conclusion 
From this spatially resolved analysis, we conclude that the defect which causes the degradation is present in the 
whole cell. No significant difference in the maximum effective defect concentration between grains and dislocation 
clusters could be observed. The lower ୲
כǡ୫ୟ୶ observed at the grain boundaries could be a sign for the formation of 
denuded zones due to internal gettering of the defect. The presence of such denuded zones would exclude defects 
with low diffusivity in Si as the cause of the degradation. 
The maximum effective defect concentration and the degradation time constant are strongly influenced by local 
process and material parameters. Whereas the firing temperature significantly affects the maximum defect 
concentration, the degradation kinetics is influenced by different effects which are still subject of current 
investigations.  
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